Korea is a very well-known country for having abundant tidal current energy resources. There are many attractive coastal areas for the tidal current power that have very strong currents due to the high tidal range and the acceleration through the narrow channels between islands in the west and south coasts of the Korean peninsula. Recently, the Korean government announced a plan that aims to increase the portion of electricity generated from renewable energy to 20% by 2030. Korea has abundant tidal current energy resources; however, as reliable resource assessment results of tidal current energy are not sufficient, the portion of tidal current power is very small in the plan. Therefore, a reliable resource assessment should be conducted in order to provide a basis for the development plan. This paper describes the resource assessment of tidal current energy in Korea based on the observational data provided by KHOA (Korean Hydrographic and Oceanographic Agency) and numerical simulation of water circulation. As the observational data were unable to present the detailed distribution of the complicated tidal current between islands, numerical simulation of water circulation was used to describe the detailed distribution of tidal current in Incheon-Gyeonggi and Jeollanam-do, where the tidal energy potentials are abundant. The west and south coastal areas of Korea were divided into seven regions according to the administrative district, and the theoretical tidal current potential was calculated using average power intercepted. The results of this research can provide the insight of the tidal current energy development plan in Korea.
Introduction
Tidal energy is advantageous to grid management with high energy density, reliability, and predictability [1] . Especially, power extracted from tidal energy can be exactly estimated in advance, using harmonic analysis. The west coast of Korea, where tidal range is up to 10 m, has abundant tidal energy. Moreover, Korea has approximately 3600 islands which form narrow channels between islands, where tidal current is concentrated and accelerated. Thus, the west and south coasts of Korea have many exploitable areas with strong tidal current. Several tidal farm development plans were announced in these areas.
In 2007, Jeollanam-do agreed to develop a 300 MW tidal farm in the Wando strait area, and in 2009, the Incheon tidal farm project, a 200 MW tidal farm project, was launched to develop near Deokjeok Island [2] . There are also some other tidal farm projects, such as the Shinan tidal farm project, the Daebang tidal farm project, the Maenggol tidal farm project, and the Jangjuk tidal farm project [3] .
In 2017, the Korean Government announced a plan to increase the portion of electricity generated from renewable energy to 20% by 2030. This is nearly double the target of 11.7% proposed by the previous master plan. In addition, the Korean Government intended to increase the renewable generation target of RPS (renewable portfolio standard) to 28% by 2030. In order to achieve this with low tidal range, the east coast is regarded to have negligibly little tidal current energy potential and thus is excluded from the study area. Therefore, in this study, only the west and south coasts were investigated to show the tidal current distribution and estimate tidal current energy potentials of Korea.
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Study Area
For a state that has special rights to explore and use marine resources, including energy resources from water and wind over EEZ (exclusive economic zone), the resource assessment of ocean energy at the national scale could cover EEZ. However, it is unrealistic to develop tidal current energy of EEZ, which entails enormous cost when it is deep and far from the coastline. Therefore, in this study, the study area was limited to the territorial sea extending, at most, 12 nautical miles from the baseline of a coastal state.
Division of Study Area
The west and south coastal areas of Korea were divided into seven regions according to the administrative district, as shown in Figure 2 . For the jurisdictional sea area of each region which has not been officially decided, the division of coastal areas was roughly conducted. Territorial sea is divided into 1 km 2 grids and the sea area of each region was estimated according to the division, as shown in Table 1 . 
Study Area
Division of Study Area
Tidal Current Data

Observational Data
Since 1960, KHOA has measured the tidal currents around Korea in order to provide the information of tidal currents, mainly for the safety of navigation [5] . The observational data of 1973 measuring points were provided by KHOA and used to estimate the tidal energy distribution in Korea, 457 measuring points among these data were observed during about 30 days and the others were observed during more than one day.
Generally, maximum speed is used to describe tidal current distribution for tidal current power. When it comes to resource assessment, tidal current energy density is overestimated with maximum tidal current speed because tidal current speed varies sinusoidally with time. This can be corrected by using utilization factor and calculating technical potential. However, utilization factor is determined by the distribution function of tidal current speed, which is affected by regional characteristics such as tidal phenomena and submarine topography. It causes unnecessary error to apply a utilization factor for an entire survey area with maximum tidal current speed. Therefore, these observational time series data were converted to the average surface velocity of each measuring point.
The tidal current speed distribution in Korea based on observational data is shown in Figure 3 , which shows that regions 1 and 4 have many attractive coastal areas that have a very strong current. These regions have numbers of islands which boost the tidal current speed and affect the direction of the tidal current, whereas the other areas have relatively lower current speed than these two regions. 
Tidal Current Data
Observational Data
The tidal current speed distribution in Korea based on observational data is shown in Figure 3 , which shows that regions 1 and 4 have many attractive coastal areas that have a very strong current. These regions have numbers of islands which boost the tidal current speed and affect the direction of the tidal current, whereas the other areas have relatively lower current speed than these two regions.
In regions 2 and 3, there are not many islands which form channels where tidal current is accelerated. Thus, although the tidal range of these regions is greater than region 4, the tidal current speed is slower and has a simpler distribution than that of region 4. When it comes to regions 5, 6, and 7, there is not enough tidal current energy due to the small tidal difference. Therefore, regions 1 and 4 are key for the tidal energy resource assessment in Korea.
The observational data are unable to describe the detailed distribution of current velocity of such regions due to the low spatial resolution. As shown in Figure 3 , the tidal current speed distribution based on the observational data can show where the tidal current speed is high but cannot describe the exact flow characteristics and distribution of that area. Therefore, a numerical simulation of water circulation was conducted in regions 1 and 4 in order to increase spatial resolution of these regions and evaluate reliable tidal energy resources in Korea. In regions 2 and 3, there are not many islands which form channels where tidal current is accelerated. Thus, although the tidal range of these regions is greater than region 4, the tidal current speed is slower and has a simpler distribution than that of region 4. When it comes to regions 5, 6, and 7, there is not enough tidal current energy due to the small tidal difference. Therefore, regions 1 and 4 are key for the tidal energy resource assessment in Korea.
The observational data are unable to describe the detailed distribution of current velocity of such regions due to the low spatial resolution. As shown in Figure 3 , the tidal current speed distribution based on the observational data can show where the tidal current speed is high but cannot describe the exact flow characteristics and distribution of that area. Therefore, a numerical simulation of water circulation was conducted in regions 1 and 4 in order to increase spatial resolution of these regions and evaluate reliable tidal energy resources in Korea.
Numerical Simulation of Water Circulation
Study Site
Region 1 is located at the middle of the west coast of Korea, where tidal difference reaches 10 m at maximum and thus, has abundant tidal current energy. This area is one of the most promising regions for tidal energy development in the world [4] . There are two big islands, Ganghwado and Yeongjongdo, and many small islands, which increase tidal current velocity around them. On the other hand, this region is characterized by shallow water less than 80 m deep and gently sloping submarine topography that is ideal for tidal current power development.
The domain of region 1 covers an area of 150 × 190 km, including the whole sea area of region 1, as shown in Figure 4 . The Curvilinear orthogonal grids were composed to represent the complex geometry of the shore of the study area. The study domain was divided by 196 × 297 grid points and the grids consist of 34,250 nodes in the horizontal direction with a sigma stretched vertical layer. The size of the inner grid is about 500 m. 
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Study Site
The domain of region 1 covers an area of 150 × 190 km, including the whole sea area of region 1, as shown in Figure 4 . The Curvilinear orthogonal grids were composed to represent the complex geometry of the shore of the study area. The study domain was divided by 196 × 297 grid points and the grids consist of 34,250 nodes in the horizontal direction with a sigma stretched vertical layer. The size of the inner grid is about 500 m.
In Korea, there are about 3400 islands, and 60% of them are located in the southwest coast, including region 4 [15] . Therefore, there are many potential sites for tidal energy development, where tidal energy is concentrated as sea flows are channeled around or through constraining topographies formed by these islands, such as Uldolmok, Geocha channel, Jangjuk channel, Maenggol channel, and Heonggan channel.
The domain of region 4 covers an area of 126.5 × 163 km, as shown in Figure 5 , which includes the inner sea area of region 4 where a strong tidal current is observed, as shown in Figure 3 . Considering the features of the study area, Cartesian grids were adopted because the complex geometry of the shoreline with 2000 or so islands is unable to be modelled using a curvilinear-orthogonal grid. The study domain was divided by 387 × 576 grid points and the grids consist of 141,662 nodes in the horizontal direction with a sigma stretched vertical layer. The size of the inner grid is about 200 m. In Korea, there are about 3400 islands, and 60% of them are located in the southwest coast, including region 4 [15] . Therefore, there are many potential sites for tidal energy development, where tidal energy is concentrated as sea flows are channeled around or through constraining topographies formed by these islands, such as Uldolmok, Geocha channel, Jangjuk channel, Maenggol channel, and Heonggan channel.
The domain of region 4 covers an area of 126.5 × 163 km, as shown in Figure 5 , which includes the inner sea area of region 4 where a strong tidal current is observed, as shown in Figure 3 .
Considering the features of the study area, Cartesian grids were adopted because the complex geometry of the shoreline with 2000 or so islands is unable to be modelled using a curvilinearorthogonal grid. The study domain was divided by 387 × 576 grid points and the grids consist of 141,662 nodes in the horizontal direction with a sigma stretched vertical layer. The size of the inner grid is about 200 m. 
Environmental Fluid Dynamics Code (EFDC) Model
The environmental fluid dynamics code (EFDC), which was developed by the Virginia Institute of Marine Science (VIMS) in the United States, was used to simulate three-dimensional tidal currents of the study domains. O'Donncha et al. developed a numerical model of Cobscook Bay, a designated tidal energy test site, using EFDC, and validated it by comparing it with NOAA (National Oceanographic and Atmospheric Administration) data [16] .
The EFDC solves the equations of motion and transport equations [17] . The equations of motion are vertically hydrostatic, free surface, variable density, and turbulent-averaged. The transport equations are for turbulence intensity and length scale, salinity, and temperature. A flow chart of the hydrodynamic model of the EFDC model is shown in Figure 6 . 
The EFDC solves the equations of motion and transport equations [17] . The equations of motion are vertically hydrostatic, free surface, variable density, and turbulent-averaged. The transport equations are for turbulence intensity and length scale, salinity, and temperature. A flow chart of the hydrodynamic model of the EFDC model is shown in Figure 6 . The EFDC model solves the shallow water equations by finite volume and finite difference techniques [17, 18] . The turbulent equations of motion are transformed, and the Boussinesq approximation is utilized.
The continuity equation is: The EFDC model solves the shallow water equations by finite volume and finite difference techniques [17, 18] . The turbulent equations of motion are transformed, and the Boussinesq approximation is utilized.
The continuity equation is:
where u, v, and w are velocity components in the coordinates x, y, and z; m x and m y are the square roots of the diagonal elements of the metric tensor; m is the Jacobian or square root of the metric tensor determinant; H is the total depth; −h is the water depth and ζ is the physical vertical coordinates of the free surface. The momentum equations are: where p is the excess of the reference hydrostatic pressure divided by the reference density; ρ is density, and ρ 0 is the reference density; f is the Coriolis parameter; A v is the vertical turbulent viscosity; Q u and Q v are momentum source-sink terms and b is buoyancy. The transport equations for salinity and temperature are:
where S is salinity; T is temperature; Q S and Q T are the source and sink terms and A b is the vertical turbulent diffusivity. Mellor and Yamada developed the second momentum turbulence closure, which was modified by Galperin et al., and it was used to provide the vertical turbulent viscosity and diffusivity [19, 20] . On the other hand, the horizontal turbulent diffusion and the horizontal diffusion coefficient are determined as suggested by Smagorinsky [21] . In order to estimate the long-term power generation potential, it requires an observation or simulation period of at least 30 days [22] . In this study, the simulation period was set to 31 days, generating output every half hour.
A constant elevation of mean sea level was adopted as the initial condition for the water surface, and the tidal currents were set to zero across the domain. As the model was run for a cold start, the hydrodynamic processes within the model domain were forced by boundary condition [23] . The hydrodynamic model was run with a time step of 5 s to satisfy the CFL (Courant-Friedrichs-Lewy) condition, which the explicit schemes have to follow in the hydrodynamic computation.
Results
Average surface velocities over the one month simulation were calculated for the regions 1 and 4, as shown in Figures 7 and 8 . The results of numerical simulation show the detail distribution of tidal current of each region due to the increased spatial resolution compared to the observational data. Especially, numerical simulation results of a complex and accelerated tidal current in the channels between the islands where tidal energy potentials are abundant are accurate enough to be the basis of resource assessment of tidal current energy.
Tidal current distribution in region 1 based on numerical simulation is shown in Figure 7 . The Incheon tidal farm project is the most promising site for tidal current power in region 1. Average surface velocity of the middle of the site reaches 140 cm/s and peak velocity is 286 cm/s. The Gyodong channel is another well-known site for its strong tidal current [5] . Average surface velocity of the middle of the site reaches 125 cm/s and peak velocity is 243 cm/s. Tidal current distribution in region 4 based on numerical simulation is shown in Figure 8 . Uldolmok, which has a narrow channel with maximum velocity of 6.5 m /s, is well known for its strong tidal current speed, and the 1 MW tidal current power facility was constructed in 2009 [2] . The average surface velocity of Uldolmok reaches 228 cm/s. Jangjuk channel, Geocha channel, and Maenggol channel are located in the southwest of Uldolmok and between islands in Dadohaehaesang National Park. Although tidal current velocities of these channels are not faster than Uldolmok, their area is wider than Uldolmok. The average surface velocity of Jangjuk channel reaches 169 cm/s, Geocha channel 128 cm/s, and Maenggol channel 137 cm/s.
The results of numerical simulation can describe the detailed distribution of the tidal current velocity of these regions due to the increased spatial resolution, as expected. Especially, these data represent the effect of constraining topographies on tidal current which concentrate tidal current at a specific area, thus increasing the tidal current energy potential of a region, while the observational data only represents each point and is unable to describe the detailed distribution of tidal current Tidal current distribution in region 1 based on numerical simulation is shown in Figure 7 . The Incheon tidal farm project is the most promising site for tidal current power in region 1. Average surface velocity of the middle of the site reaches 140 cm/s and peak velocity is 286 cm/s. The Gyodong channel is another well-known site for its strong tidal current [5] . Average surface velocity of the middle of the site reaches 125 cm/s and peak velocity is 243 cm/s. Tidal current distribution in region 4 based on numerical simulation is shown in Figure 8 . Uldolmok, which has a narrow channel with maximum velocity of 6.5 m /s, is well known for its strong tidal current speed, and the 1 MW tidal current power facility was constructed in 2009 [2] . The average surface velocity of Uldolmok reaches 228 cm/s. Jangjuk channel, Geocha channel, and Maenggol channel are located in the southwest of Uldolmok and between islands in Dadohaehaesang National Park. Although tidal current velocities of these channels are not faster than Uldolmok, their area is wider than Uldolmok. The average surface velocity of Jangjuk channel reaches 169 cm/s, Geocha channel 128 cm/s, and Maenggol channel 137 cm/s. The results of numerical simulation can describe the detailed distribution of the tidal current velocity of these regions due to the increased spatial resolution, as expected. Especially, these data represent the effect of constraining topographies on tidal current which concentrate tidal current at a specific area, thus increasing the tidal current energy potential of a region, while the observational data only represents each point and is unable to describe the detailed distribution of tidal current speed. Thus, the tidal current speed distribution of Korea was produced by merging the results of observational data and numerical simulation of water circulation. 
Tidal Current Data
Average Power Intercepted
When resource assessment is conducted for kinetic energy from a fluid stream, the power density (PD) is useful to depict energy distribution [3] . The power density of kinetic energy is the amount of power per unit turbine disk area with upstream velocity (U) which is given by:
The power density of tidal current energy defines the kinetic energy flux as a function of tidal current speed. This is a useful definition to estimate the quality of energy at the particular point. Since the power density is unable to describe the quantity of energy in the region, the additional definition is necessary to assess the tidal energy potential.
The average power intercepted (API) is theoretically the extractable energy per unit area that has been used to estimate the wind power potential [24] . Since tidal current power has a largely similar mechanism with wind power, the method can be applied to the tidal current energy. The power density can be converted to average power intercepted as:
The swept area (A swept ) of a tidal turbine is used to calculate the kinetic energy passing through the turbine. When a turbine diameter is D, the swept area is given by:
The occupied area per tidal device (A occupied ) was determined according to the recent research [25, 26] . The optimum lateral space was set to 2D and downstream distance was 10D, as shown in Figure 9 . Therefore, each turbine occupies 15D 2 (10D·1.5D) area. 
The occupied area per tidal device (Aoccupied) was determined according to the recent research [25, 26] . The optimum lateral space was set to 2D and downstream distance was 10D, as shown in Figure 9 . Therefore, each turbine occupies 15D 2 (10D•1.5D) area.
It is assumed that the kinetic energy flux passing through a turbine is the energy potential for the occupied area of the device. Then, average power intercepted can be simplified with the function of power density as: = × 60 (10) Figure 9 . Occupied area per tidal current device.
Evaluation Method
There are a few terms in energy potential definition, and it is installed generating capacity (IGC) and annual energy production (AEP) that have been used for renewable energy potential assessment in Korea [3] . These two definitions were used in this study to calculate tidal current potentials in order to evaluate potentials based on the same criteria with other renewable energies.
When it comes to theoretical potential, installed generating capacity is the utilizable tidal current It is assumed that the kinetic energy flux passing through a turbine is the energy potential for the occupied area of the device. Then, average power intercepted can be simplified with the function of power density as:
When it comes to theoretical potential, installed generating capacity is the utilizable tidal current potential in a region and can be calculated based on mean average power intercepted (API) and sea area of a region (A) as:
Annual energy production is the annual power generation of electricity from mean installed generating capacity and can be calculated as:
Technical potential can be evaluated, considering the efficiency of a tidal device and utilization factor. Installed generating capacity for technical potential can be calculated as:
where η is system efficiency of a tidal device. Annual energy production for technical potential can be calculated as:
where k u is the utilization factor. Zhou et al. summarized that the performance of the major industrialized large tidal turbines is about 40% [27] . Jeffcoate et al. conducted vessel-mounted full-scale testing of the SCHOTTEL tidal generator (STG) turbine, and the results show that the system efficiency reached 35% [28] . Therefore, in this study, efficiency of tidal device is assumed as 35% from a conservative point of view in order to not overestimate the tidal current energy potential. On the other hand, the utilization factor is set as 100% because average surface velocity is used to calculate average power intercepted. Table 2 shows the theoretical tidal energy potential in Korea. The mean average power intercepted was estimated as 5.6 MW/km 2 and theoretical tidal current potential was calculated as installed generating capacity of 430 GW and annual energy production of 3766 TWh/y. The results show that region 1 and region 4 are promising areas for tidal current power in Korea. Region 1 has the highest tidal energy density with a large tidal range of about 10 m, and region 4 has the second highest tidal energy density with an acceleration among islands and also between the islands and the mainland. Table 3 shows the technical tidal energy potential in Korea. The mean average power intercepted was estimated as 3.5 MW/km 2 , and technical tidal current potential was calculated as installed generating capacity of 109 GW and annual energy production of 957 TWh/y. 
Results
Discussion
Usually, the resource assessment of tidal energy is focused on the distribution of energy density. From this point of view, the power density is a convenient and useful concept because it is a function of tidal current speed. Moreover, the power generated from a tidal device at a point can be easily estimated by multiplying the power density by the turbine swept area. Therefore, many resource assessment studies used power density and described the energy distribution to show there are several areas with strong current speed. However, when a tidal device is operated at a point, it affects the flow field of the surrounding area. In this condition, energy density distribution using power density is changed. In addition, the power density is calculated by dividing the power of the turbine by the swept area of the turbine, it is not suitable for estimating the potential of a region, as pointed out in the previous chapter.
So, in this study, average power intercepted was introduced to convert power density to energy density for horizontal areas. The consideration of the optimum arrangement of tidal devices is included in average power intercepted calculation, the existence of tidal devices at a point is not affected by the energy density of the surrounding area. Moreover, because the swept area and occupied area of a turbine are proportional to the square of turbine diameter, average power intercepted is also a function of tidal current speed.
On the other hand, due to the consideration of optimum arrangement, average power intercepted can be affected by changing the arrangement. Although the same optimum arrangement is applied to the whole study area in this study, the optimum arrangement of the tidal turbine can be changed by the type and scale of the tidal device, tidal current speed, and turbulence intensity, topographies, etc. Therefore, a wide range of resource assessments, such as this study, should produce average power intercepted based on the optimal arrangement that is generally appropriate. However, in the case of local resource assessment, such as development planning or a feasibility study for a particular region, the optimum arrangement should be derived by considering the characteristics of that area.
According to the results of the resource assessment, regions 1 and 4 are promising for tidal current power in Korea. As shown in Table 2 , region 1 has the highest theoretical tidal energy density of 11.2 MW/km 2 , with the highest tidal range up to 10 m in Korea. Although the tidal range of region 4 is about half of region 1, region 4 has the second highest theoretical tidal energy density of 6.6 MW/km 2 due to the topographic advantage with many islands. Therefore, the theoretical tidal energy density of region 4 is about 59% of that of region 1. When it comes to technical potential, the tidal energy density of region 1 is decreased by 65% compared to the theoretical potential, while that of region 4 is decreased by 42%. Hence, the technical tidal energy density of region 4 is 97% of that of region 1.
As mentioned before, there are two key factors for tidal current energy potential. One is a tidal range that causes enormous movement of sea water, and another is constraining topographies, mainly formed by islands where tidal current is accelerated around and through. Since theoretical potential is the total nature energy of a region, it is mainly affected by a tidal range, which is proportional to the flow rate of the tidal current. On the contrary, since the technical potential is the extractable energy from theoretical potential, using the present technology, constraining topographies have more effect on technical potential than on theoretical potential. Therefore, when investigating the energy potential from a macroscopic perspective for a region, it is recommended to assess up to the technical potential step where both constraining topographies and tidal range are considered.
Conclusions
This article has provided insights into the resource assessment of tidal current energy in Korea. Resource assessment methodology was established based on average power intercepted which has been used for resource assessment of wind power. The west and south coastal region of Korea was divided into seven regions according to the administrative district, and east coastal regions were excluded due to their low tidal speed. Observational data from 1973 measuring points were used to describe the tidal current distribution. Numerical simulation of water circulation was additionally conducted to increase the spatial resolution of regions 1 and 4 where tidal current is abundant.
The results show that theoretical tidal current potential is installed generating capacity of 430 GW and annual energy production of 3766 TWh/y and technical potential is installed generating capacity of 109 GW and annual energy production of 957 TWh/y. There are many exploitable areas with a strong tidal current. Regions 1 and 4 are promising areas for tidal current power in Korea. Region 1 has the highest tidal energy density and region 4 has the second highest tidal energy density. Especially, the Incheon tidal farm project and Gyodong channel in region 1 and Uldolmok, Jangjuk channel, Geocha channel, and Maenggol in region 4 are the most promising for tidal current energy development. The procedure and methodology for resource assessment suggested in this study can provide guidelines, and the results of this research can provide insight into the tidal current energy development plan in Korea.
